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OBJECTIVE
Navy clectronic systems are becoming more complex. more costly, and more difti-
cult to maintain. Cannmand control and communication systems require large amounts of
data and program storage. Advances dre being made in solid-state memory technologics
which will benetit the Navy systems. The objective of this effort was to investigate the
use of charge-coupled devices tor computer memory systems and also to develop a controller
which will be useful for charge-coupled device and other memory technologies.

RESULTS

A modular, media-independent memory system was designed and prototype hard-
ware was fabricated and tested. A CCD module, for use in the memory system, was de-
signed and a partially populated module was tested. Over 1200 hours of continuous opera-
tion indicated a CCD error rate of about 1 X 10~1! per bit. The system error rate was even
lower.

RECOMMENDATIONS

1. Continue to test and to incorporate new solid-state devices such as CCDs,
magnetic-bubble devices (MBDs), and metal nitride-oxide semiconductors (MNOS) into
memory systems,

2. Continue the development of data-base management and information-retrieval
techniques for memory systems.

3. Utilize advanced solid-state memory equipment to enhance the effectiveness of
the Navy 3 systems,

ADMINISTRATIVE INFORMATION

This work was performed for the Naval Sea Systems Command (03416) under Pro-
gram Element 627 21N, Project F21241, and Task Area SF21241401 (NELC N712) by mem-
bers of the Communications Processing Division. This report covers work from July 1975
to July 1976 and was approved for publication on 30 July 1976.
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SECTION 1. INTRODUCTION

Disks and drums are presently used for secondary (mass) storage in computer sys-
tems, Pher mechanical nature leads 1o problems in access time, maintenance. and rehabii-
tv. Ina commercial envitonment. the cost per bit s still competitive with semiconductor
random-access memories tRAM) but the more harsh mifitary environment brings the cost up
to approximately 0.25 cents per bit for about 15 million bits of drum storage (6.25-ms ac-
cesy). The cost for an mdividual system will vary depending upon the support circuitry such
as the controller, power supplics, and cabinet.

Recent advances in semiconductor technology have brought the charge-coupled
device (CCD) to the point of competition with moderate capacity (a few million bits) drums
and fixed-head disks (FHD). This report covers the development of 4 modular memory
subsystem suitable for use in the Navy €3 systems having requirements for secondary stor-
age. Included in this subsystem is a microprocessor controller which is capable of being
programmed in order to modity its operational characteristics to suit a particular task.

Since there are under development several other technologies which will be used tor
mass storage in the next five to ten years, the memory subsystem to be described has been
calfed the Media-Independent Memory Controller (MIMC). The hardware has been designed
and fabricated with the goal of using it to test prototype devices and architectural concepts
for charge-coupled devices, magnetic-bubble devices, metal nitride-oxide semiconductors,
and any other promising technologies, as time and funding will allow. Section 2 will de-
scribe the MIMC hardware, architecture, operation, and other characteristics.

Section 3 will describe the software-development aids, or monitor. which have been
written to allow a programmer to communicate with the processor and to control peripher-
als. An NELC Technical Note covers the operations available in the MIMC monitor and will
serve as an instruction manual for a programmer wishing to use the system.

Section 4 describes the philosophy, architecture, and operating characteristics of the
CCD module designed for use in this system. The primary goal in the development of this
module was to achieve very high reliability of data with maximum modularity and sclf
maintenance capabilities.

The results obtained from the assembly and test of a partially populated module are
discussed in Section 5. The software and the various types of tests are described. Several
weeks of constant reading and writing of the 256 thousand bits resulted in less than ten
errors. All of these were corrected by the EDAC circuitry so that the srstcm actually saw no
errors. Calculations show that there is an error rate of about 1.2 X 10~!! for the CCD system.

Section 6 of this report summarizes the work and makes recommendations for im-
provements and future work.

SECTION 2. THE MEDIA-INDEPENDENT MEMORY CONTROLLER (MIMC)

BACKGROUND

Several technologies are under development which promise a solid-state, low-cost
alternative to clectromechanical data-storage equipment. Three of the most promising are
charge-coupled devices (CCDs), magnetic-bubble devices (MBDs), and electron-beam devices
(FBDs). Bach of these devices has advantages and disadvantages. These will not be dis-
cussed in this report since the literature already contains many articles on this subject.

Another development which is rapidly gaining momentum is the microprocessor.
This development also has many tacets and there are dozens of microprocessors available,
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OF particular mterest. i this ivestigation, is the bipolar microprocessor shice because of s

speed and adaptability to Navy systems. [he use of microprocessors enables the desigaer to

implant significant mtelhgence o the equipmient he designs and sull retam flexibihity and
oy pansion capability without magor chianges m hardware.
Concurrently. advances are bemng made in the arca of software technigues which will
improve the pertformance and capabilities ol data-base systems. These new sottware ap-
proachics. combraed with more mtelhigent hardware wnd high=specd, non-mechanical storage

devices, will appreciably enhance reliability and performance of military systems,

Ihe Media Independent Memory Controller (MIMCY s an attempt to combine these
diverse developments mto a sigle unit to be used 1o develop and test concepts and hard-
ware. MIMC 18 aimed at providing multiple-media telectrome or magnetic) handhing capabil-
iy advanced data-base management techmiques, and a usetul degree of tocalized intelligence
tor improved normal operating performance. as well as a significant sel-maintenance and
diagnostic capability tor tault location and repar.

To wid the cost-eftective application of these new developments, this equipment
adopted the use of standard hardware from the begimning. The Super 2A card. developed as
part of the Navy Standard Hardware Program (SHP). has been used in the prototy pe hard-
wire. Several cards which are in use in another development, the Submarine Satellite Infor-
mation Exchange System (SSIXS), are used in MIMC to simplify logistics and traming prob-
lems. The various cards will be described in later sections of this report.

MIMC ARCHITECTURE

MIMC has a bus-structured architecture. Figure 1 shows a simple block diagram of
the system. The bus definition is basically the same as the bus used in SSIXS 808G-tised
hardware. The control, power, address, and data hnes are the saume with 32 bidirectional
data lines rather than cight. Details of the operation of the bus can be obtained trom a
description of the SSIXS hardware. The basic input-output (1/O), random-access memory

(RAM). and read-only memory (ROM) boards are the same cards used in the SSIXS

PROCESSOR/
CONTROL
(6 CARDS)

NTDS 110
{2 CARDS)

BASIC 1/10°
(1 CARDI

SYSTEMBUS >

:

MASS

RAM-1* ROM-1° MEMORY

(4 CARDS) (4 CARDS) MODULES

(CCD/MBD)

*8SIXS MODULES
Figure 1. MIMC architeccre.
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hardware. The processor/control module consists of six cards which are unique to this
system. Two of these six are identical (RALU cards. upper and tower), These two cards
cach contain four. four-bit shee microprocessors: the Monolithic Memories §7 6701, plus
look-ahead carry generators, and heavy-duty bus drivers and receivers, Three curds, control
.2 and 3. contain the general system-timing circuits, the bus-coptrol circutry, address
latches, and mucrocode ROMs, which interpret instructions and generate contro! signals for
the microprocessor cards. Interrupt circuitry is also contained on these cards. Sce table |
for a list of the modules used in a mimimal system.

The debug card is used to display data on the 32-bit bus in hexadecimal format.
There are also switches which allow manual entering of data or instructions for trouble-
shooting and initializing the system.

The operation of the processor/control section will be explained. Basically, it is a
32-bit, microprogrammed processor with 16 working registers, a *‘Q’ register, and an arith-
metic logic unit (the 6701, four-bit slice), a separate status register, memory-address register,
vectored interrupts, bit-testing capability, and the timing circuitry to control the bidirec-
tional data bus.

TABLE 1. MIMC MINIMUM SYSTEM.

Number of Cards Card Type Description
2 RALU -- Microprocessor 4-6701, four-bit slices
1 Control | Instruction decode
1 Control 2 Address Jatches, drivers, status register, bit
testing
1 Control 3 Clock, timing, bus control, interrupt
circuitry
I Debug Panel control, hexadecimal display and
drivers, bus interface
i NTDS input 16-bit NTDS, line timing-bus, inter-
face, etc
1 NTDS output 16-bit NTDS., line timing-bus, inter-
face, etc
1 Basic 1/O SSIXS module
RAM SSIXS module, 2k or 8k bytes each card
ROM SSIXS module, 2k or 8k bytes each card
OPERATION

The heart of the MIMC is contained in the processor/control section. A block dia-
gram of this section is shown in figure 2. A more detailed diagram of the 6701 four-bit slice
1s shown in figure 3. A brief description of the operation will be given below. For more
details, the reader is referred to the logic schematics, microcoding lists and timing charts.

Instructions to be executed are stored in ¢ither RAM or ROM modules. An instruc-
tion is fetched by putting the contents of the program counter (register F) on the bus and
loading the memory-address register. The first state of cach instruction (state zcro) reads
the instruction off the data bus, loads the operation code (bits 24 to 31) into the microcode
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address arcurtry Cloads bits 16 10 23 mto the regstersselection multipleserand bris zero to

13 mto the fower hadt of the operand register cregaister B The upper halt ot regster s
Torced to zero during state zeros (See Appendiv A tor adesaription ol the instruction
tormuat.)

Fhe microcode address corcmitry translates the opaation code into g star g addiess
tor the microcode ROML Depending upon the operation cod o the microcode address -
cartey will step through several micromstructuon addresses until the end of that instruction
s teached. One microcy ele requires 230 to SO0 nanoseconds

Formstance, the tist state of micromstruction may put the program counter on the
data bus and Toad the memory address register to start the nestinstruction-teteh oy e, The
second microcy cle of that instructnion nirght doad one register with the contents of another
aridend the operation. The next microeycle would be o state zero which would begmn the
nentinstruction execution.

In the mstruction just discussed, the registers imvolved would be selected by the
register-sefect multipleser shown in figure 2.

Fhere are instructions which test it g certain bit of the status register or a working
register isset. The bit @—13 can be welected by the B field ot the istraction (hits 20 1o 23,
Fhe data multiplexer selects the specified bit from the bus while the status register, multi-
plexer aircuitry allows the status register to be checked. The Bit Latch (BL) stores the
tour-bit hexadecimal code to select the bit position of interest.

Other elements of the control circuitry are the main timing, which includes a ory stul
oscillutor, and the interrupt circuitry, which facihtites the vectored interrupt operation.

INPUT OUTPUT

Inputioutput operations are pertormed exactly as they are in the SSIXS K080 sy
tem. 17O ports are addressed on the normal address hines and the control lines mdicate an
IO operation. The SSIXS 1O-1 card is used to communicate over RS-232 or 188-C inter-
taces. There are other cards designed for the SSIXS system which can also be used in MIMC
such as, F'O-2 which is an AN/UYK-20 serial 1'O. and YO-3 which s a REMEX paper-tape
reader and punch.

Two NTDS cards have been designed tor MIMC to intertace the bus with a To-hit,
NTDS, slow or tast channel. One card is required tor input and one for output. The hand-
shaking required tor the NTDS interfuce is done on the card. The card can be set up to act
as a periphieral or as a computer on both input and output. The cards can also be connected
11 parallel to vield a 32-bit NTDS interface. The cards have the “subchannel™ addressing
scheme: that s, cach channel fills 16 addresses (for mstance, addresses 40 to 417). Presently,
only the lower cight addresses are used: the upper cight are for expanded tunctions and are
not yvet assigned. Table 2 shows the functions selected with the eight addresses.

TABLLE 2. MIMC NTDS FUNCTIONS.

Output Function Code
Output Data 0
Output Commund i |
Send Status Word N
Clear Interiupt Request 3

10




FABLE 2. (Continued ).

Ouiput Funchion ‘ Code
Nt Used ] 4
Not Used 5 S
Enable Butter Ready Interrupt ‘ 6
Disable Butter Ready Interrupt ‘ 7

Input Function r Code

.

Input NTDS Data ()
Input NTDS Command 1
Send Status 2
Clear Interrupt Request 3
tnable Data Interrupt 4
isable Data Interrupt 5
Enable Command Interrupt 6
Disable Command Interrupt 7

INTERRUPTS

MIMC presently has 16 interrupt channels. They are prioritized with channel O
having the highest priority. Interrupts are vectored. That is, each interrupt channel forces a
jump to a certain memory address. At that address are instructions which respond to the
interrupt received. The appropriate response is determined by the programmer.

All interrupts can be enabled or disabled by software instructions.  Individual chan-
nels can only be enabled or disabled by selecting cach channel under software control.

An interrupt can oceur at the start of ecach new instruction if interrupts are not
disabled. With the use of the appropridte instructions, the program counter will automati-
cally be stored and reloaded tor normal operation.

SECTION 3. PROGRAMMING THE MIMC

THE INSTRUCTION SET

In this prototy pe hardware, only a basic set of 67 instructions has been implement-
cd. The adopted tormat and detimtions are deseribed in Appendix AL A list of the instruce-
tions along with a briet description is given m Appendix B The format has been kept
simple and relatively straghttorward. The dasic clisses of instructions (toads, stores, logieal,
artthmetic, shittig, fumps, and comparest have been maplemented, Specaal instructions
concerned with iterrupts, stack operations, 1O, and other tunctions have abso beeninclud-
ed. With the 8-bit operation code. we have the possibility of 2536 instructions. Sinee the
“right” instructions depend upon the appheation cand opintoni, we have kett plenty of room
tor ncreasing the instruction set.

P T




THE MONITOR

A minimum MIMCO system has been assembled and ntertaced with o [ SHT700 (i
play termnal I order to deselop test programs and to exercise the hardware, o moniton
program was developed and written oito PROM so that it is alwavs resident, With this moni-
tor program, other progrnams can be developed and communication with other hardware s
possihie,

The present system has ondy 2045 words of PROM (address 9000 through 07EE )
and TO4N words of RAM Gaddresses O8G0 thra OFEFEF). Inalarger system. the storage aicas.
stack-startimg addresses, and the hKe. could be changed to utilize the larger memory .

[he momitor was written with several objectives immind: to include atl possible
routines that are feasible to mmplement and which are usetul to the user: to enable the user
tomake use of the subroutines ased by the monitor: and to have software breuk point
capahilities

Some ol the roatines in the monitor were taken and moditied tfrom the 8080 and
64 2B monttors, The present routines can handle two peripherals in addition to the console
cathode-ray tube terminal: the REMEX paper-tape punch, reader and a line printer. A rou-
tne to handle the PRO-LOG PROM programmer has been developed and can he loaded and
executed from RAML Future routines to be implemented when time permits include a
card-reader and handler, and a disk hundler.

Most subroutines used by thie monitor are written in such 2 way as to allow users to

mike good tse of them. In other words, most ot the monitor subroutines preserve all registers

exveept the status, sccumulator Q7. and the registers used during input. Also, most of the
suhroutines are 1O related. These subroutines allow the user to program the /O structure
by climinating the details one encounters when programming input-output.

A softwyre breakpoint, although not as cleanly mmplementable as o hardware breuak-
pomt, is a very powerful tool for debugging and checking out software. This is a mechanism
ta enable the user to “break™ from a certain location in his program and to allow him access
to the current registers at that “breakpoint’™ of the program. The user is allowed to change
the content of the registers (if he wishes) and to continue his program right where he lett it
tut the breakpoint location). This gives the user the opportunity to debug or checkout his
program by stepping through it and observing the registers,

The monitor makes good use of the cathode-ray tube terminal. A buckspace key
AT IS allowed in some routines to allow the user to retype the last charocter. In YDIT
MODE ., o useris allowed to edit the data on the terminal sereen using the kevboard and
cursor control in g nonconversion mode with the MIMC. When the user has completed
cediting on the terminal screen, he can then send everything on the screen in one block to the
memory m the MIMC,

Additional functions or routines may be temporarily added to the MIMC monitor
without having to he stored in PROM. These routines can be loaded into RAM and a flag
can he set at the location in RAM to designate the point where the comparison test of the
iput character versus function character is to be continued. A background program can be
running i the MIMC at the same time a user s exercising MIMC. For example, a program
to test CCD memories may be running i the MIMC at the same time a user s debugging his
program.

During the period when MIMC is waiting for input from the kevboard. it executes
one pass of the test of the CCD memary . After thas pass, 1t polls the keyboard tfor any
wputs and. i there are none, excoutes another pass of the test. Han imput is received trom
the Koy board it will not be processed.




.

Another way toamplement this background routine twhich s not the way 1ts -
plemented i the curtent momitory is to have the monttor onomtertapts, That isoany time
the user 1y pos oo the kevhoard, an intertuptas generated which mstructs the MIMC 1o
provess the kevboard input. Phe background progiam m this case could ran continuoush
without its having (o contantiy poll the key board tormput.

Ihe momtor atidizes two stacks one s tor the monttor and the other s for the user
programs. Fhe momtor stack s dways roset 1o s begimnimg cach tyme the MIMO goes to
RDY  he provram stack s reset to s begimmmg cach time the user types “INT T or
TCLEAR SCREENT or “EXFCUTES™ 4 program

DESCRIPTION OF MONITOR FUNCTIONS

In the tollowing paragraphs, briet descriptions of the functions available in the moni-
tor are given. The tormat of the typed-immstructions is shown in capital letters, underlined.
When the space bar s actuated, the operation s executed.

o DUMP dumps memory contents starting from a specified address XXXX en-
tered by the user.

D XXAN dumps 14 sereen (6 lines) 24 focations

D XXXXH  dear sereen & dump T2 sereen (12 Times) 48 lecations

D NNNAE clear sereen & dump tull sereen (24 hinesy 96 locations
2OENITER dllows the user to enter program or daty words into consecutive

mem oy cells starting tromeaspecttied address XXXX
XN \\}__\_ XNNX XXXX XXXX ct¢ clear screen tirst,
then enter begin
BOANAN NXXN XXXX XXXX XXXX ete samie s above
line wro clearing
Sereen.
OINSPECT & CHANGE lows user to imspect and change a speaific memory
cell it desired.
XXXX XXXX XXXX  current contents,
XXXX XXXX DONE  now contenis,
4. EXECUTE toads registers with contents from RAM (OFFO-0FFF) and jump
to specitied address.
X XXXX
S0 PUNCH PAPER TAPE punches a paper tape of a specified memory arca with
checksum. feader, and tail.
P OXXXX THRU XXXX  DONFE
6. READ PAPER TAPH reiads the contents of 4 paper tupe into 4 memory area
speatticd on tape. Checks checksum on tape and prints
chedksum error message it one was made.

ROXXXX THRU XXXX DONE

13




TOCHECK READ PAPER TAPE  compares the contents of g paper Gipe versus
the contents of an area i memory and prints
out any datterences on the CRT This routine
dlso compares and checks the checksum on the
tape and prnts out g checksum error it one was
mude.

C XXXX THRU XXXX GOOD TAPL!

NODISTONTINE PRINTER - lists edump) anarca of memory 1o the line printer

tor a hardcopy listing.
L XXXX THRU XXXX DONE
Y. STORE CONSTANT stores a 32-bit constant into a specitied arci of memory.
S XXXX THRU XXXX W-XXXX XXXX DONE
L FIND (SEFARCH)Y  searches a specific arca m memory tor a constant
MASKED . und prints out all locations where found,
FXXXX THRU XXXX W-XXXX XXXX M-XXXX XXXX
1T MOVE  moves one block of memory trom one location to another.
M XXXX THRU XXXX NEWLOC XXXX  DONF
12, BREAKPOINT  BREAKPOINT ROUTINE  same as execute routine, but
dumps registers and stack und
goes to “RDY ™ if the program
reaches the breakpoint address.

B XXXX TO XXXX
B

R
XXXX TO XXXX (Breakpoint resume)

| H

XXXX M-XXXX XXXX T-XXXX XXXX DONE

tabove line: B =, allows user to restore the original content of
the breakpoint address in the case where the program does not
reach the breakpoimnt address.)

13, “Clear Screen™  clears sereen and clears register and tlag area in RAM: KESET
STACK POINTIRS. GOTO RDY

14, “INT™ GO TOSP.RDY  resets program stack pointer, Sets CRT/LP tlag to

CRT.GO TO RDY
1S VERIEY  Prints out the CHECKSUM ol u specified arca of Memory.

OTHER FEATURES

FAULT ROUTINE

Any time a 9@ instruction is fetched, the Program Counter will be foreed to location
OO and thss tault routine will be executed. This routine prints out (on the terminal) the
location of the fault, the contents of the tault location, a dump of the current register at the
time of the fault, and a snapshot dump of the memory arca where the fault occurred. At
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the end of this snapshot dump, the Program Control will be at the end of the DUMP MODE
so the user may immediatehy inspect the arca where the tault occurred and then use the
monitor tunctions to change the program.

ADDITIONAL EXECUTIVE ROUTINES

The user s enabled to insert additional executive routines in RAM other than those
Just discussed. To aimplement this feature, the user must place. in the tower halt of the
memory location QFEB, the address where the check tor the additional executive routine
character s located. It the input character does not match any additional executive routine
function character. the Program Control should go to READY.

BACKGROUND ROUTINE

A background program. a program that runs when the MIMC is in a state to receive
input from the keybouard, may be executed by placing, in the upper half of memory location
QFEB, the beginning address of the background program. The background program must be
perfect in the sense that, before it returns to the keyboard poll routine, all registers except,
RI.Q.and SR, must be restored to their original values. The stack and stack pointer must
also be the same. The background program returns to location Q@8E to poll the keyboard
for input.

When a background program becomes fully debugged, it may be placed in PROM.
The starting address of this background program may also be placed in PROM (lower half of
location @579). This enables the background program always to be in memory and running
without having to load it or its starting address into RAM each time the MIMC is powered
up.

A routine by which more than one background routine may be running consecutive-
ly. one atter another (if no input from the keyboard is received), has been developed and
tested. This routine, along with additional background programs, could be added to PROM
quite easily. Memory location @QFEB is used as a switch to go from one background program
to another.

The beginning background routine address in RAM (location QFEB) overrides any
beginning background routine address stored in PROM. The beginning background routine
address in PROM is seen by the monitor only when the upper half of memory location
OFEB is 0009, 1f the upper half of memory location @FEB is not zero, the monitor whll
jump to the location specified by the upper half of location @FEB, thinking a background
program exists in that location,

{f the upper half of location @FEB and the lower half of the location where the
beginning background program address is stored in PROM are both zero, no background
program will be executed. The monitor will remain in a loop. polling for input from the
keyboard.,
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SECTION 4. THE CCD MODULE

GENERAL CHARACTERISTICS

In the design of the CCD module, many factors tsometimes conthioting factorsy w e
tahen mto avcount. The hiest of these was the need tor a bighly refiable systen siee the
CODs will store programs and. it bits o annstraction are erronconshy changed. the whaole
system coudd crash. Assurance of hardwire rehability can best be obtained by conploy ing
conservative design, using low power and g mmmmum number ot components, providimy
regular mamtenance Gautomatic as well as operator driven), and meorporating sutomiti
Frror Detection and Correction (EDAC).

Moduluanity is an important consideration. Modularity allows the memory to be
scaled msize so that itis usetul to many systems with vary ing storage requitements. The
CCD module s addressed using a1 2-bit selection code which provides more than sutficient
expandability

The current emphasts on hardware standardization encourages the use of the Navy
Standard Hardware Program (SHP) 40-pin connector and modular card-size increments. The
CCD module uses the same Super 2A cards as does the MIMC described in the previous
section. The use of this card imposed some restrictions and caused some problems (as
would any standard). but useful hardware was designed,

The overall tunction ot the CCD module is to store data in a small volume at i cost
which is competitive with a drum or 4 fixed-head disk (FHD) while providing tive to ten
times faster access 1o a block ot data than is possible with a drum or disk. With the MIMC
ot similar controller, the access time to a 256-word block of data is between 600 and 700
microseconds. The volume occupied by the module is 270 cubic inches (4425 em?). In
production. a Lo-mittion bit memory (four modutes) should cost about 35 thousand dolars
or two tenths ol a cent per bit. This cost includes the controller, power supplies. an NTDS
interface, EDAC, and a cabinet suited to the military environment.

The CCD memory module consists of 24 Super 2A cards. Twenty-two of these. the
CCD memory cards, are identical. The remaining two cards are the Memory Scegment Con-
trol(MSC) card and the Data Error Detection and Correction (DEDC) card. The module
stores 262 144 words of data. Each word comprises 16 data bits and six EDAC bits.

The EDAC bats allow the module circuitry to detect and correct any one-bit error in the
22-bit word, to detect but not correct any two-bit error in any word. and to detect many
errors in which an odd number of bits are in error (A modificd Hamming codu of distance
tour is used.)

A RAM butfer has been incorporated into the module so that, once the desired
block has been written trom CCD into the bufter, any word of the block can be acoessed.
The use of the RAM butter also guarantees that the access time to g block of data (236
words) is always the same. about 650 micioseconds. This s true because 1t s not important
where the first word of the block s located relative 1o the output of the 2560-bit CCD regis-
ter. Whatever word is available tor readout is written mto s approprigte location in RAM
immediately after the request for that block s recenved by the module. Fach word s then
read out in sequence untl all of the 256 words have been read out of the CCD and wnitten
into RAM. This takes about 650 mucroseconds. This tact, which feaves no doubt as to
when the data will be available, simplities system timang.
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THE ARCHITECTURE

Phe architecture of the CCD module was influenced by several tactors, One ot the
most unpottant of these was the desire to keep the CCD module as independent as possibie
ot the vontroller 1w as desired that minimum control be required. Refreshimg of data i
the CODN proceeds independently of the controfler. Also. word-by-waord transter of data
trom CCD memory does not require controller action. A RAM bufter is used for tempordry
hlock storage and allows o detimite aceess time (the time required to transter a block of 256
wordsy to the RAM trom the CCD. The FDAC function was placed inside the module so
that errars in CCD could be detected and corrected betore the rest of the system could be
aftfected. Aot was determined that the speed required to perform g word-by-word check
could best be achieved by hardware.

A major pomt in the architecture of the module is the use of the bit-slice approach.
Fach of the CCD memory cards contains one bit of all the 1024 blocks (262 144 words) in
the module. This bit-slice approach allows flexibility in the design of the system. Forex-
ample. for the ultimate in rehability, a word length of 22 bits 1s used (22 cards) which pro-
vides automatic error correction for single-bit errors. It this feature is found to be too ex-
pensive, five of the code Wits can be climinated retaining only the panty bit which would
give an indication that an odd number of bits had changed. Checksums computed by the
controller could be used as a turther check on data integrity. Eliminating the error-
correction feature would reduce memory system costs by about 20 percent. Further, the
system could also be used without parity, requiring only 1o cards. In this case, the control-
ler would be relied upon to detect errors. It error rates are found to be sufficiently low, ihis
approach may be satisfactory to many systems.

Other tactors considered in the definition of the module included physical limita-
tions (thermal, mechanical, electronic), availability of CCD components, pin limitations on
connectors, the Super 2A cards, modularity of the system, reliability, and other subtle
factors derived from the systems experience of several engineers.

The simplest view of the CCD module architecture is shown in figure 4. The system
data bus carries 16 bits of data into the DEDC card. The system address bus and control
lines feed signals into the Memory Segment Control (MSC) card. These two cards drive the
CCD memory bus. Each CCD card is one bit of the 22-bit word.

The MSC card. shown in figure 5, has several sections. The CCD module main con-
trof section interfaces with the system address and control lines to determine whether that
particular module 1s being selected. Decoding of function codes and sequencing for block
transters are also controlled in this section. The RAM butfer control section interfaces the
system bus, or the CCD memory, to the 256-by-16 bit memory on the DEDC card. The
CCD memory clock and control section generates the signals for block transfers to and from
the CCD cards.

The CCD memory-refresh clock section must be active at all times in order that data
may be maintained. This section 1s independent of the other sections in that power can be
removed from the latter and this section will continue to function, supplying refresh clocks
to the CCD cards. This section contains a word counter which maintains the phase of the
COD register, determining which of the 256 words is available at a given time.

The DEDC card, figure 6. contiins the RAM butter, butter-addressing circuitry,
status registers and FDAC arcuitry, and has drivers and recewvers, Data are transmitted to
or from the system through tri-state transceivers. Incoming data are written into RAM or
used as RAM or block addresses. RAM addresses are routed from the system bus, on to the
RAM bus, through the RAM address multiplexer, to the RAM address counter/lateh. Block
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Figure 4. CCD module architecture.
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Figure 5. Memory Segment Control (MSC) card block diagram.
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Figure 6. Data/Error Detection and Correction (DEDC) card block diagram.
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addresses are routed from the system bus, on to the RAM bus, through the CCD memorny
bus divers. on 1o the COD cards where they are latched into the block address registers,

When data are read out of the RAM on to the CCD memon bus, the 1o bhits are also
ted mto o panty-gencration circit which generates sivocode bits, These siv code bits to-
gcthor with the 1o data bits, makhe up the 22-bit memony bus, More detal on this operation
will be presented when FDAC s discussed.

When data and code bits are read trom the COD cards, the 16 data bits pass through
Achusive OR pates, through trisstate bus dnvers, on to the RAM bus. and into the buiter. 1t
the code bits imdicate an error i one ol the data bits, the parity generator checker network
will send an address to the decoder which will cause one or the data bits to be mverted in
passimg through the excusive OR gate on its way to the RAM.

The CCD memory cara block diagram is shown in figure 7. This card 1s made rels-
tvely stmple i order to keep costs from nising. This 1s the most populous board in the
system and, tor thas reason, has a strong intluence on system cost. There are 16 CCD de-
vices tlntel- 24100 on the card. The mputs of all of these devices are tied together as are
then outputs When the block address (10 bits) s Latched into the block-address fatch, six
ot these Bines go to all of the CCDs and tour go to the decoder. In this manner. only one
hlock as selected (bits zero to 5) and only one chip is selected (bits 6 to 9).

Noto that tour chups run oft one of the four multiplexers. This permits keeping the
temperature of the card low since only one-quarter ot the chips on any one card will be
runmimg a4t hugh speed during reading or writing. Since the ratio between standby clock and
transter dock could be three or tour to one. this multiplexing permits a significant power
saving, This s a particularly important tactor in this system where a dynamic memory is
used and which s attected adversely by temperature in its data-retention tunction (as well as
rehabahity of the device atsell). During 4 power outage. all unnecessary circuits are turned
ott to mimimize drain on batteries used te maintain the data,
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FUNCTION CODES

Fhe CCD module s contralled by the address bus, the system daty bus, and control
hines. The present hardware lines use sy bits of selection code to select ane of 63 modules.
cIhe all-zero address should be reserved tor other mput-output addresses.) Four bis of the
Lo address nes an the system ate used tor commuands, Table 3 shows the vancus commands

which can be given to the module.

FABLE 3. MEMORY SEGMENT FUNCTION CODES.

Codeyy, Function

Write word into address A* of RAM bufter,
1 Read word trom address A* of RAM butfer.
; Write block B* into RAM bufter from CCD.
| Read block B* trom RAM bufter into CCD.

[

‘vs

3 Undetined.

S Undetined.

6 Undetined.

7 Uindefined.

8 Read status.

9 Read error syndrome.
Enable interrupt request.

B Disable interrupt request.

C Undefined.

D EDAC disable.

E Undetined.

F Master clear memory segment.

*The RAM address A or the block number B is placed on the system data bus during the 1O instruction.

CODE @16  SINGLE-WORD WRITE INTO RAM BUFFER

The particular module is selected (hits 4 to 9) and the function code of @ (bits zero
to 3) is specified by placing the appropriate value on the address lines. The RAM butter
address (bits zero to 7Y s placed on the system data bus and the write line is pulsed. The
RAM address will be foaded into the RAM address latch with the talling edge of the bus
time signal. No bus wait is generated by the MSC. The data to be written into the RAM
address are placed on the system data bus (hits zero to 15) and the write line is pulsed. Bus
wait is active long enough to complete the write cycle.

CODE Ty, SINGLE-WORD READ FROM RAM BUFFER

The particular module is selected (hits 4 to 9) and the function code of 1 (bits zero
to 2 s speditied by placing the appropriate value on the address lines. The RAM butfer
address (bits zero to 7y is placed on the system data bus and the write line is pulsed. The




RAM address s Hoaded imto the RAM address Bateh with the talling edge of the bus tine
signal. No bus wairt s generated by the MSCL The data are read Tiom the system data bus
thits zero to 15y by pubsing the read nes Bus waitis actinve long enough to guarantee valid
duta trom the RAM butter.

CODbE 2 WRITE BLOCK BINTO RAM BUFFEFR FROM CCD

Fhe particular module s selected thits 4 to s and the funcoion code of 2, (bits
zero 1o 3y espesitied by placing the appropriate value on the address fines. The block
number B s placed on the system data bus (bits zero to 15) and the write hine 1s pulsed
The block number s foaded into the fatches on the CCD cards by the Falling edge of the bus
write signal. No turther action is required by the controller. The MSCaimmediately rinses
the active Iine and pertorms the necessary operations to complete the transter ot the re-
quested black into the RAM butter. During the transfer, the transter line is high. The
active hine goes low when the CCD registers have been resynchronized.

CODYF 31, READ BLOCK B FROM RAM BUFEFER INTO CCD

The particular module is selected (hits 4 to 9y and the function code ot 3, (bits
sero to 3) is specificd by placing the appropriate value on the address lines. The block
number B s placed on the system data bus (bits zero to 15) and the write Tine is pulsed.
The block number is foaded into the Litches on the CCD cards by the falling edge of the bus
write signal. No further action s required ot the controller. The MSC immediately raises
the active Line and performs the necessary perations to complete the transter ot the re-
quested block into the CCD. Duning the transter, the transter line is high. The active line
goes low when the COD registers have been resynchronized.

CODE 414 (UNDEFINED)

CODE Sy, (UNDEFINED)

CODE 6] (UNDEFINED)

CODE 7y, (UNDFEINED)

CODE 816 READ STATUS
The particular module s selected (hits 4 to 9y and the Junction code of 8, (bis
sero to ) s speatied by placing the appropriate value on the address ines, The status bits




At phaced on the sostem data bos ehits zeto to Sywhen the read sienal s actn e, No bus

watt s genetated. e sy status bats gre mterpreted as

N BIl DECINTHON CACTINT HIGHD
Fransten O Data are bemg transterred between the RAM butter and €CD
vy ] Data ure being transterred or the COD registers are being resyn-

hironized edo not imtate another hlock transten)

Firon 2 At lcast one error was made dharmg the fast block ead

Corrected 3 At least ane error was corredcted during the last block transter.

Detected 4 At least one word had a two-bit error durimg the List block
read.

Ready 3 A COD refresh oy ele has been completed.

CODE 9y, READ ERROR ADDRESS

The particular module s selected (hits 4 1o 9y and the tunction code ot 9 thits
sero to 3y s spectticd by placing the appropriate value on the address hmes, The ciror-
address Dits czero to Syare placed on the svstem data bus when the read signal is active. Nao
hus want s generated. The error address should be interpreted as tollows thesadecnmah

FRROR ADDRESS (HEX) BAD DATA BIT POSITION (DECIMALY

93 )
0S8 1
(61N N
07 3
QYo 4
OA S
OB H
0C ?
on X
ar v
or 10
I} il
12 2
13 13
14 14
15 13

The error addresses @1 0204 08, and 10 reter to code bitsan crror. Code bits e
not corrected but are regenerated when data are read out of the RAM butter imto the CCD.
Frror address © meims no errors. Frror addresses 1o through 3F ave no meanmg i this
system other than that their appearance may imdicate a possible hardware tailure.

CODE Ay PNABEEINTERRUPT REOQUE ST

Fhe particalar module s selected thits o 91 and the tunction code of A, thits
sero to 3) is specttied by plicing the appropriate - alue on e address ines. No data are




teqanted on P syt bos Whien the we vt bed e et whie e alfoses the
MNC e ety Snltolior s sct e il s T rrapts

cebb By DISABUE INTERRUP T RO S

Prosacatar modute sseleatca eats 4o and the tunction code By (hits sero
G sy e B abicmyg the approprnate sadue on the address ioes. Nocather data are
s od o e sustenn data buss When the e conatas pubsed, the tip-tlop winch allows

the MSC rontenrapt the controller s deaed o produbaUinterrupts,

CODE €, (UNDEFINED)

CODE Fy,  MASTER CLEAR MEMORY SEGMENT

Fhe particular module is selected (bits 4 to 9 and the function code B thits zoro
1o 31 s specitied by placing the appropriate vatue on the address finess Noodata are seguired
on the system data bus. When the write signal is active, the following accurs,

Interrupts are disabled:

FDAC is enabled:

The RAM address counter/lateh is cleared:

The error address lateh is cleared:

The error status (error made, error cortected. errors detected) Tateh s cleared.
The block number registers on the CCD memory cards are cleared: and

Other miscellancous flip-flops are also cleared to initialize the module.

EDAC OPERATION

In this briet description of the operation of the EDAC circuitry, no attempt will be
mude o go to the theory of coding. The reader is reterred to the many books on the
subject tor further information.

I sunple terms, i this system, even parity is computed over various groups of the
16 data bits, Table 3 shows the relations between the code bits, the data bits, and memory-
hus 2t posttion (zero through 21). Reterning to the table, note that code bit @as the bit
whic b omakes Cie parity of the brts in that group even. This means, if data bits @, 1, 304,06,
SO IO0 T 3 and 1S are all ones, code bit @ must be a Zero to maintain even parity i that
groaip . o other words ten ores s an even number of ones and, for that group to mantain
even panty the code tmust be azetos 30 one of the data bits is o zero, feaving nine ones,
the code it would have to be a one to obtmm even panity over the group C@, D@. D1 DA,
g e DS ARQ. DY DY and DIS Sunilarly, with the other groups, 1, 20 3 and 40 the
code bt s computed so that the group which indludes the code bit has an even number of
e s

Fhie cocoe bit OS5 however s computed so that panty over the entite 22 bits s odd:
At odd number of ones, Formstance, it all the data bis were zero, code bits COLCT. O
CAoand C4 swould also be zetoes, To achieve odd partty over the entire word, €S must be g
anc. I this case there will be an odd namber of ones, namely one, i the 22 bits,
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e outputs trom the panity venctator chechers are ted to bus-diser Gncuits a1
conde bits e stored sy COD memory dome wath the data biiss Durmg the teadae ot o b
trom COD memory - the data bits are aeam ted o the pants generator check oot i
now the code bt trom COD memory s abao ted mto the panity airouit Frthere was
crror the panty venctator chedhers would outpat zeroes to the error addross Jatc

Hoan error occurred., the bit position would be mdicated by the crror addross togis-
ter. Fhis alse can be seenan table 40 Note that the panty groups have been olected
Chinany U ashions For example, group Qs overy other posiion, group bouses every othies
part of bitsoand so torths Heneeo cach code bt ica bimary addreess bit, ot thas reason.
when the stored and recenved bits do not agree. the panity generator checher outputs desige-
ndte to what groups that bt belonged. resulting i a biary address. Further analy sis re-
quires o detarted study of the circuatry which s bevond the scope of this report

Only the hirst error correction or detection i a block transter is indicated i the
status bits oran the error address register. (The EDAC bits are cleared by using the Master
Clear Memory segment function code By Subsequent corrections will be pertormed but
the status registers will not change until cither they are cleared by the Master Clear or by the
next block transter.




SECTION S0 TESTING THE CCD MEMORY MODULE

THE TEST SYSTEM

Because of tundimg himitations, only o partally populated module was assemble .
snd tested s The MSC and DEDC cards were assembled just as they would be for a full moaod-
ale The COD vard was modified so that data were entered in parablel into the 16 CCDs. two
cards e o tudl 22 btk 604 blocks deep. Inettect, onessinteenth ot g module was available
tor tost

Fhis module was imbedded in the MIMO chassis. The entire card cage s shown in
Deare S The MSCODEDC, and parallel CCD cards are shown in tigure 9. These cards are
spectal, ngb-density. Super 2A sizes weld-post cards. Tna production system. they would be
muttilay et printed-crrcuit boards, Other cards are shown in figures 10, Voand 120 This
Chassisspower supplies, a paper-tape punch/reader, and a cathode ray tube made up the test

sostont.

Frgure 8. Fhe MIMC chassis card cage.
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Figure 9. The MSC. DEDC. and CCD cards.
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Figure 10, The NTDS input and output cards.
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Frgute V1. The 2k-byte RAM and 2k-bvte PROM cards

Fagure £2. The hasic input!outpay and the REMEN paper-tape reader/punch cards.
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TYPES OF TESTS

Larlhy development work on COD concerned itselt with the charge-transter efficiengy
and the bit-error rate winch could be achieved with exasting technology. Farly devices
which were tested showed sentous pattern and temperature seasitivitios. For this reason, in
testmg the developed sy stem,as many patterns as posstble were run through the system to
determme sensttnaties. The patterns chosen for testing were:

fest O all zeroes,

Test 1o all ones,

Test 20 count and inverse:

Tost 3. alternating Os and 1 (checkerboard):

Test 4, gallopig Is (ones);

Test 5, palloping @s:

Test 0, pseudo-random number and inverse: and

Fost 7. halt-zcroshalt ones and inverse.

FESTS 9 AND |
The all ones and all zeroes tests are simple starting points. No particular problems
nor insights were expected or obtained.

TESTS 2 AND 3

The count pattern runs from @ to 255 in the lower eight bits and trom 255 to @ in
the upper halt word., This pattern exercises each bit to varying degrees from alternating
ones and zeroes to a string ot zeroes and a string of ones.

TESTS 4 AND S

The alternating ones and zeroes present a kind of worst case where every bit is dit-
terent from its neighbor, The galloping-one and galloping-zero pattern has a single bit in a
sea of its complement. This test is expected to show up weaknesses in sense amplifiers and
in leakage problems,

TEST 6

The pseudo-random test uses a maximal length (no repeats) 16-bit number to deter-
mine sensitivity to a random patterm.

TEST 7

This test stores 128 ones and then 128 zeroes into the 256-bit CCD register. This
test was suggested by Dennis Amonson of UNIVAC after he found some sensitivity to that
pattern. (This test is the same as the pattern seen by bit 7 of a 256-word count.)




THE TEST PROGRAM
The tost program has the tollowmy Features:
Phe starting date and time can be stored so tong petiods can be run wath an accurale
record ot the error rates:
Ay combination o) the aight tests can be utihzed:
fntormation can be stored and display ed on the request of the following
start date and time,
tests being run,
total number ot passes,
total number of errors (bad bats),
the number of uncorrected one-hit errors in a word,

the number ot errors which occurred in a greater than two-bits-per-word
manner,

the number of blocks in wiiich at least one bit was corrected,
the number of blocks in which two-hit errors were detected,
the number of times an iflegal address was read,

the number of errors per test tor cach of the cight tests,

the number of errors in each bit ot the 22 bits, and

the number of errors in cach of the 64 blocks:

The tirst 128 words with errors are stored along with the block number and RAM
butter address:

The statistics can be printed out on the cathode-ray tube at any time the “S™ key is
depressed: and

The test will continue when the “C* Key is depressed.

TEST RESULTS

The results of the testing can be summarized as follows. During 1207 hours ot con-
tinuous running. from 13 May through 8 July 1976. only ten errors were detected and
corrected by the module. At the reading rate used (about 6.8 X 10% bits per hour). this
indicates an error rate for the CCDs of 1.2 X IO'] I error per bit read. The system error rate
is even better: all of these errors were single-bit errors and were corrected betore the data
were read into the RAM butter,

[t was particularly gratifying, when the tests were first started. to find a “weak ™
device. This was possible since the tests kept indicating that a particular bit was bad in u
particular block. Replacement of the chip eliminated the crror.

1t should be noted that all of the tests were conducted at approximately 287C
troom temperature). Problems in other hardware precluded testing at higher temperatures.,
Such testing should be done.

No pattern sensitivity was observed. The sensitivity observed by UNIVAC personnel
wis on caely devices, The problem wis known by Intel and was probably eliminated by
modification of their chip-tabrication process.
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While the CCD module appears to work very well, there have been some intermittent
noise problems with the controller. Improvements in card fayout and in bus signals shoutd
chminate these problems.

SECTION 6. SUMMARY AND RECOMMENDATIONS

A modular CCD memory subsystem, usetul tor Navy R applications, with an intelhi-
gent front end has been designed and tested. Buasic software has been developed and a moni-
tor has been written to simplity programming. The CCD module bas been designed and a
partially populated module has been tested. Initial tests showed an error rate tor the CCDs
of about 1 X 10~ per bit. The module itself corrected all of the errors. The system is
ready for use as a disk or drum replacement. Engineering will be required to expand the bus
svatem and to configure the hardware to a particular cabinet  Further testing is required to
determine the effects of temperature on the system. UNIVAC has done some temperature
oy chimg and has tound adequate performance over the range specified tor the Intel device.

The question of volatility arises with a CCD system. Two answers are available:
dump the data on to tape under battery power; and use a battery backup for the CCDs. The
1irst solution answer is somewhat less desirable since it means adding another mechanical
device to the system. The second solution answer is feasible but seems to be poorly accept-
cd by systems designers. [t may require several years for batteries to become acceptable.

A concept which may minimize the number ot batteries takes advantage of the fact
that, when the main power ts lost in a system, heat generation trom electronics operation
stops. Thus, when this happens the temperature will drop to approximately ambient (257 to
30°C). Sin-e the CCD specifications require a 50-kHz clock to maintain data at 70°C, the
clock required at 30°C may be as low as 12 kHz or one quarter of the normal operating clock
rate. For this reason, the number of batteries could be reduced and temperature-sensing
cireaitry could be mcorporated to ensure the correct clock rate.

Rough calculations indicate that, using the sfow clock, the datain the module (5.6 X
100 bits) could be maintained for two hours with six D-size, sealed, lead-acid cells. The
hatteries would require a volume increase of only about 12 percent. This breaks down to
302 cubic inches (4719 ¢m3) for the CCDs, and to 30 cubic inches (469 ¢m?3) for the batter-
1es. Investigation should be continued along these lines.
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APPENDIX A: DESCRIPTION OF MIMC INSTRUCTION
FORMAT AND DEFINITIONS

TSt iosy Toimiat s,

Bit Number 3 AR ‘?7 ‘U 19 615 e L
Instiacthion ] ()I’( ()l)l AN H [ 10 / HE Y

g e IS )
Operation Code ——I [ *

Register X or Bit Number B ——— |

Rl').'l\h‘r/ - . R o J

Opcerand Address Y ora Literal -+ - —— o

The struction mnemonic will be a four-letter symbol for the instruction. The first
two detters usually designate the class of instruction, such as. LD for load. AN tfor AND. and
so forth, The thard fetter signities that an X register is used in the instruction. The fourth
fetter designates the type of addressing used to obtain the operand, as listed below, There
are exceeptions.

Symbol Description
Q The Q or extended working register
V4 A register -9 F
L Literal - Y
N Normal - (Y)
J Indirect - ((Y))
M Indexed Literal Y +(Z)
I Indexed Normal - (Y + (7))
K Indexed Indirect (1Y +(Z)))

REGISTER DEFSIGNATION

NO_ HEX LABEL DESCRIPTION
] /] WR Working Roegistoy
2 ] WR Working Register
3 2 WR Working Register
4 3 WR Working Register
S 4 WR Working Register
6 5 WR Working Register
7 6 WR Working Register
\ 7 WR Working Register
9 8 WR Working Register

10 9 WR Working Register
11 A WR Working Register
12 B WR Working Register
13 C TR Test Register
14 D sp Stack Pointer
15 E OR Operand Register
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10
1
12
13
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REGISTER DI SIGNATION (Continued)

HEX LABLY DESCRIPTION
I P( Program Counter
Q) Accumulator
SR Status Register
RALU REGISTER SELECTION
MICRO
_CODE_ SOURCI DEST SOURCY DS
000 X A / B
41h}) M A / B
019 X A X B
01t M A X B
100 X A M B
191 M A M B
110 X A B
111 M A B
STATUS REGISTER DEFINITION
DESCRIPTION CODE HEX
Overtlow 0000 0
Accumulator Full 0001 ]
Accumulator Zero 0010 2
Spare 0011 3
Sign  Lower 0100 4
Sign  Upper RGN 5
Carry  Lower prio O
Carry  Upper WA 7
Undetined 1000 X
Undefined 19001 4
Undetined 1010 A
Undetined 19011 B
Undefined 1100 C
Undetined 1191 D
Undetined 1119 b
Undefined 111 F

The symbols are detined as follows:

SYMBOL

Q

X
/
Y

DEFINITION

The Q register,

The register designated in the X tield ¢bits 20-23),

The register designated in the Z ticld (hits 1o-19).

Fhe number contamed in the lower 1o bits (9-15).
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SYMBOL DEFINITION

Q) I he number contaimed i the Q reginter.
X)) Ihe number contaned i the X register.
/) Ihe number contwmred i the Z register.
(Y I he number contwned at memorny location Y
Y + () Ihe number obtaned by adding Y to (7).
PC The Program Counter register.
(PCH The number contined in PC,
SR I'he Status Register.
(SR} The number contained in SR.
B The number in the B field (bits 2@-23).
sp The Stack Pointer Register.
(5P The number contained in SP.
KY
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CLASS

LoD

SNTORY

1 OGIC

ARTTHMETIC

SHIFT

JUMPS

COMPARES

APPENDIX B MIMC PRELIMINARY INSTRUCTION SE

RASAY

I D\Q
(NPAN|
I XN\
I HXM
(RAN

STNQ
SN/
STXN
STXM
ANNZ
ORNZ
XRN\Z
ClILRX
CLM]
INVX
ADXZ
ADXL
ADXN
SBXZ
SBXL
SBXN
INCX
DEFCX
SRCX
SRLX
SLCX
SLLX
JUNL
JUNN
JUNX
INXIL
JLXI

JBSL
JBSN
IBZ1
IBZN
CPX7
CPXI
CPXN
MSXZ

MSXIL

OPCODI SR

12
20
2

)
Y

13
30
3
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40
48
S0
4}
%3
Il
AQ
/\ I
A2
AN
A9
AA
()0
0K
6f
ol

64
65

79
71
72
74
76

7%
749
7C
m
(Y
Cl
(O]

(Y

* X X *

¥ ¥ X% %

FUNCTION

W - X

Y o« X

(Y)r - X
Yt(/) - X
Nt/ -\
(N - Q
(X)—/
(X)—=Y
(X)—=Y +(7)
(X0A ()~ X
(XoV(/) -~ X
(NN () =X
0~ X

0-=Y +(/)

(Xo+(Z)r— X
(X)+Y =X
(X)+(Y)~ X
(Xy~(Z)— X
(X1 -Y—-X
(Xy-(Y)—= X
(X)+1-X
(X)-1-X

(XVis right shitted Y thmes (arcular)

(X1 is right shifted Y times (7ero tilled)

(XD is lett shitted Y times (eircular)

(XVis left shifted Y times (zero tilled)

Y -+ PC

(Y) —~PC

(X) = PC

X = 0. doNTAOXY £ 0.Y = PC

HW(Xr=0.doNIL(X) 20 Y +(/)-> PC.
decrement (N

IWhit Bot SR = 1Y - PC. 11 = 0. do NI

IHbhit Bot SR=1.4Y)-=PC [t=0.do Nl

HbiuBotrZ=1.Y =PC It =0.do Nl

HbitBot/Z = 1.Y)y=pPC 1t=0.doNI

(Xy~(/7) - Q

(X)-Y =0

(X)~tY) ~0Q

HeX) = (2000 = XOSkip NE 1N # (7).
merement £ X, do N

X0 =Y. 0 = XOShp NLTHON) £ Y. inere-
ment (X). do N1




CTASS MNEM O OPCODE SR FUNCTION

COMPARES MSXN CA # X)) =Y, 0+ X, Skip NI (X)) #(Y),
increment (X), do NI
INTERRUPTS  INTY Bo Interrupt entry  (PCY = | — (SP), Y = PC, (SP)
-1-=Sr ;
ITEX B Interrupt exit: ((SPY 4+ 1y == PC(SP) + | - §p
FIXR L Interrupt exit and enable interrupts
CALL 23 Call subroutine, PC = (SP). (SPY - 1 = SP, Y
—r [)(“
RETN B4 Ketui- Jrom subroutine, ((SP) + 1) — PC,
(Sk,+ V- Sp :
RTNR B3 Return from subroutine and enable interrupts
DINT D Disable all interrupts
LINT 1k Enable all interrupts
STACKING PSHEX BS (X)— (SP),(SP)~ 1 = SP
POPX BC ((SPy+1)—= X, (SPy+1—-SP
PSHS B6 (SR)Y > (8P}, (SP)~ 1 = §P
POPS B7 * O ((SP)4 1) = SR, (SPY+ 1 = $P
/0 01.44 19 Output (X) to Channei Y
INXY 11 Input to X from Channel Y
ISXY 17 Inpat (slow) to X from Channel Y
MISC FALT ¢ Fault
INRX @1 Manual inspection of “X) on panel
TOME, ¢h2 Manual inspection of (Y) on panel
DSPX D3 * (X) is displayed on the panel for Y/8 seconds.
7 is used for counting.
BSTS B4 Cycles bus control lines. Used for debug only.
DELY 05 * Delays next instruction for Y microseconds.
NOTE: The = means that a number is moved to a locution. For instance:

(Q) > X meuns the number in register Q i loaded into register X.

Y+ (7))~ X means the number Y plus the number in register Z is Joaded into
regisier X,

(Y + (7)) = X means that the number contained at memory location Y + (Z) is
loaded into register X.

((SP)+ 1)~ X mcans that the number contained at dhe memory location (SP) + 1
1s le aded into the register X.

(X) = SP means that the number in register X is stored at the memory location |
R . “ j
desigrnated by the number in SP.

The * means that the Status Register is loaded.

NELC PHOTOGRAPHS
THustrations in this tepoct include the follows:g NELC photographs,

Yustration Np NELC Photograph No
K LS 1163-7-76
9 LS 1165-7-76
10 LSF 1164-7-76
B LSF 1167-7.76
12 L8 116677
19
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